We report the synthesis of stearate functionalized nanobubbles of SiO 2 with a few aniline molecules inside, represented as C 6 H 5 NH 2 @SiO 2 @stearate, exhibiting fluorescence with red-shifted emission. Stearic acid functionalization allows the materials to be handled just as free molecules, for dissolution, precipitation, storage etc. The methodology adopted involves adsorption of aniline on the surface of gold nanoparticles with subsequent growth of a silica shell through monolayers, followed by the selective removal of the metal core either using sodium cyanide or by a new reaction involving halocarbons. The material is stable and can be stored for extended periods without loss of fluorescence. Spectroscopic and voltammetric properties of the system were studied in order to understand the interaction of aniline with the shell as well as the monolayer, whilst transmission electron microscopy has been used to study the silica shell.
Introduction
Incorporation of organic molecules such as dyes inside solid matrices is an attractive topic of research because of the photostability and fluorescence quantum yield [1] [2] [3] of the modified materials. An approach in this regard is to incorporate molecules inside silica spheres, 4 ,5 the advantage of this kind of nanoscopic containers is that they can be used to control the environment of the molecule. The molecule can be protected from unwanted chemical reactions and the cavity provides a rigid environment for the trapped molecules. Colloidal dispersions of silica shells are optically transparent, providing an opportunity to study the behaviour of the molecules incorporated without excessive light scattering problems. Imhof et al 6 have studied the incorporation of fluorescein isothiocyanate inside silica spheres where the principal objective was to increase the photostability of the dye molecule. Results of this study seemed to suggest an inhomogeneous distribution of the molecules inside the shell. Studies have been performed on the excited state reactions of the photochemically important molecule, ruthenium tris(bipyridyl) dye inside silica shells, where the excited Ru(II) showed significant enhancement of phosphorescence yield and lifetime. 7 Moreover, the dye reacted with molecules such as methylviologen. Bosma et al 8 have synthesized colloidal poly (methyl) methacrylate (PMMA) particles, where fluorescent dyes are incorporated into the polymer network. There are some other interesting studies as well on molecules such as pyrene adsorbed on silica gel, where the molecule showed 'excimer like' emission in addition to the monomer emission for different surface coverages. 9 The synthetic approach followed in all these studies was to allow the dye molecules to react with a silane-coupling agent such as 3-(aminopropyl) triethoxysilane (APS) followed by the addition of another silane reagent like tetramethoxysilane (TMS), which undergoes hydrolysis/condensation incorporating the dye inside the silica shell. In a different approach, Makarova et al 10 introduced a new method wherein fluorescein isothiocyanate was adsorbed on a nanoparticle surface after which silica was grown on it, thereby allowing the molecule to remain inside the shell. Recently, Ostafin et al 11 have studied the encapsulation of cascade blue dye at high concentrations and have shown that the fluorescence intensity of the dye trapped inside the nano-sized silica bubbles was higher than that observed in the free solution under comparable conditions.
Since these molecules are isolated and confined within a shell, they may show different properties as compared to the free molecules. Hence spectroscopy of these materials offer a fascinating area of research. Many of these materials can be used as sensors and fluorescence intensity-based sensors have been also made. [12] [13] [14] We have incorporated a simple molecule, namely aniline, inside the nanobubble and characterized the material in detail with various analytical tools. Free aniline is fluorescent and its fluorescent intensity decreases linearly with decreasing pH. 15 Steady state fluorescence of the respective material was also studied in detail and the spectrum investigated as a function of pH. Fluorescence anisotropy measurements showed a high value compared to that of free aniline indicating less rotational freedom for the molecule inside the silica bubble. Infrared studies were also conducted to find out the type of interaction existing between aniline and silica. The external surface of the shell was modified with a monolayer cover of stearic acid so that this material can be dispersed in diverse media.
Experimental

Materials
Chloroauric acid, trisodium citrate, aniline and stearic acid were purchased from CDH fine chemicals, India. Aniline was used after distillation from zinc dust. (3-amino) propyl methyl diethoxysilane (APS) and tetra methoxysilane (TMS) were purchased from Aldrich and were used without additional purification. Ethanol and 2-propanol were purchased from E Merck. Carbon tetrachloride was purchased from Ranbaxy Chemicals, India. Ultra pure water was used for all the experiments.
Synthesis of silica nanoshells
Gold nanoparticles of size 15 nm were prepared using the Turkevich reduction method. 16 In order to cover the gold particles with silica; a method adopted by Makarova et al 10 was followed. To 200 ml of the gold sol, 1 ml of millimolar aqueous solution of aniline was added under vigorous stirring and the solution was allowed to stand for 15 min so that complete complexation of aniline on gold surface took place. Next, 1⋅5 ml, 1 mM solution of freshly prepared APS was added to it with vigorous stirring. This mixture was again allowed to stand for around 15 min for complete complexation. A solution of active silica was prepared by adjusting the pH to 10-11 of a 0⋅54 wt % of sodium silicate solution by progressive addition of a cation exchange resin, Dualite C 225-Na 14-52 mesh. 10 ml of active silica thus prepared was added to 200 ml of the surface-modified gold sol. The resulting mixture was allowed to stand for one day, so that the active silica polymerized on the surface of the gold particle to form Au@SiO 2 . Further growth of the silica shell was achieved by following the Stöbber 17 method and the particle obtained by this method was of 90 nm size.
The solution thus obtained was centrifuged for around one hour and the particles were collected which were repeatedly washed with 2-propanol to make sure that no aniline was present on the surface of silica . This material was re-dispersed in a mixture of 2-propanol and water in the ratio, 4 : 1. To this, 2 M sodium cyanide solution was added to remove the gold core and stirred for around 48 hours. The reaction between the gold core and sodium cyanide was monitored by UV/Vis spectroscopy. The dissolution of gold was confirmed by the disappearance of the gold plasmon peak. The formation of bubbles was confirmed from TEM images. By using carbon tetrachloride 18 instead of sodium cyanide to remove the gold core, we observed carbon onion structures inside the silica shell in the TEM pictures. Later, when we extended this study for trapping other molecules such as ciprofloxacin, we could see the same kind of carbon onion structures inside the silica nanoshell (a detailed study of the microscopy of this onion material has been published separately). 19 The material thus obtained was centrifuged at 2000 rpm for around six hours, and the product collected was washed with 2-propanol and water and re-dispersed in water to yield aniline@SiO 2 .
To disperse this material in organic solvents and also for easy storage and handling, we functionalized it by adding 1 mM solution of stearic acid to the aqueous dispersion of aniline@SiO 2. We designate this monolayer protected material as aniline@SiO 2 @stearate. This material can be freely dispersed, precipitated and stored. This is similar to monolayer protected ZrO 2 core shell materials reported earlier. 
Characterization
UV/Vis absorption spectra were recorded using Perkin-Elmer Lambda 5 spectrometer and emission spectra were measured using F-4500 Hitachi spectroflourimeter. Anisotropy measurements were done using a Jobin-Vyon fluorolog instrument. FT-IR spectra were recorded with a Perkin-Elmer Spectrum One instrument using 5% (by weight) KBr pellets. Transmission electron microscopic images were collected with a JEOL 3010 UHR TEM equipped with a Gatan Imaging Filter. Suspensions of the particles were dropped onto copper grid supported carbon-films and allowed to dry leaving particles dispersed on the carbon film. Cyclic voltammetry data were obtained from an electrochemical analyzer (CH Instruments Model 600A) in a standard threeelectrode cell comprising a Pt disk (area = 0⋅8 mm 2 ) as the working electrode, a platinum foil as the counter electrode and Ag/AgCl as the reference electrode.
The mass spectrometric studies were conducted using a Voyager DE-PRO Biospectrometry Workstation (Applied Biosystems) MALDI-TOF MS instrument.
Results and discussion
As the oxide-protected nanoparticles have been adequately characterized, we present data only on the new materials. The hollow nanobubbles formed by the CN -removal method have an average shell diameter of around 10-20 nm ( figure 1A and B) in agreement with the gold nanoparticles used in the synthesis. They are surrounded by roughly spherical amorphous silica shells, although it was difficult to determine the exact thickness since the shells were usually found in small clusters as here. Figure 1A shows a conventional bright field HRTEM image of the shells surrounded by the darker SiO 2 shell material, the background comes from the C support film. Figure 1B shows an image of the same area recorded using the Gatan Imaging Filter to select electrons which have lost 15 ± 2⋅5 eV. This has been shown in core-shell nanoparticles with SiO 2 shells to highlight the SiO 2 shell and appears to correspond to a surface plasmon of amorphous silica. 21 Different studies of dye incorporation inside the silica shell by the same method have also reported nano shells of the same dimensions. 10 As the material collected is white in colour and the solution is transparent in the visible region, we do not expect metal particles or adsorbed metal ions on the silica surface. No gold was detected in any of the analyses performed indicating that the ions were completely leached out from the particles.
We have analyzed the sample, aniline@SiO 2 made by the CCl 4 removal method also. In this process nanoparticles of Au and Ag react with CCl 4 forming Au 3+ and Ag + , respectively. 18, 19 Amorphous carbon deposits in the process with the formation of Cl -in solution. The TEM Image of the formed material showed carbon onion-like structures inside silica shells ( Figure 1C and D) . The graphitic layers are clearly visible. The presence of carbon has been confirmed by electron energy loss spectroscopy and energy loss imaging. 19 The formation of carbon onions is probably due to the deposition of amorphous carbon within the shells, which transforms to onions within the confinement of the nanocavity. The outer portion of the shell is amorphous in nature and inside that, in contact with the shell, the formation of the carbon onion structure starts.
These structures were not formed by electron beam irradiation on the amorphous carbon but were present at the initial stage of imaging itself. While silica parts are prone to electron beam induced damage, carbon structures are found to be stable. The formation of these structures gives more information on the shell structures. The shell appears plastic in nature and hence stretches and accommodates the carbon structures inside the shell. Figure 2 gives the details of the microscopy of Au@silica as well as the nanoshell surrounding it. Image A shows the lattice resolved image of the gold silica core shell particle. The lattice of gold is clearly resolved. The gold core is clearly seen while the shell is faint. Images B, C and D show the fusion of isolated particles at different stages upon electron beam irradiation. It can be seen that as the two particles are nearby, they start fusing and forms a bigger particle upon electron beam irradiation. It confirms the fact that the silica shell deforms upon electron beam irradiation. This may be the reason for the formation of elongated structures as concluded from the TEM image of a single particle ( figure 1C) , while only spherical structures are expected to form by the leaching of gold from the core shell particles. The fusion of particles is very much clear from figure 2F which was taken using 15 eV loss electrons. Here, the shell can be clearly distinguished from the core. It is also important to note that the shell covers completely the resulting fused cores implying the plastic nature of the shell. Although fusion of nanoparticles is common under electron beam irradiation, it is shown here for core shell particles where the shell forms a continuous structure over the fused cores.
The absorption spectra of free aniline, Au@ aniline@SiO 2 and aniline@SiO 2 are shown in figure  3 . Free aniline (trace a) has an absorption maximum around 280 nm due to π → π* transitions.
22 Spectrum (b) shows the absorption spectrum of Au@aniline@ SiO 2 . It shows a red shift in the surface plasmon resonance band from the typical value of 521 nm to 528 nm due to the modification of the gold surface, both due to aniline adsorption and due to the silica cover; the latter being more significant. 23 The position and intensity of the gold surface plasmon depends on the particle size, and the optical and electronic properties of the system surrounding it. 23 For Au@SiO 2 core-shell structures, it is known that as the thickness of the silica cover increases; there is an increase in the absorption intensity and a red shift in the absorption maximum.
This red shift in plasmon absorption is attributed to the fact that aniline and APS are adsorbed on the gold surface. The encapsulated aniline molecules inside the silica shell after removing the gold core shows distinct aniline absorption at 280 nm (trace c). This shows that the shell acts as a stable container for this molecule. The supernatant, after precipitation of aniline@SiO 2 by centrifugation, did not show aniline features in the absorption spectrum.
Infrared spectroscopy was used to characterize the material as well as to look at the type of interactions possible for aniline inside the nanobubble. In the case of free aniline, the characteristic N-H symmetric and asymmetric bands occur at 3370 cm -1 and 3458 cm -1 , respectively (figure 4). 24 In the case of aniline@SiO 2 there is only a broad band at around 3442 cm -1 , showing the presence of hydrogen-bonded water within the silica nanoshell. The bending mode of water and the -NH 2 scissoring band are seen overlapped at 1617 cm -1 and an NH 2 wagging band is seen at 657 cm -1 (figure 4). 24 Apart from these a C-N stretching band at 1262 cm -1 as well as Si-O-Si asymmetric stretching band at 1083 cm -1 are also seen. 24 Other than aniline and silica features, the spectrum also shows a sharp feature of amorphous carbon at 1384 cm -1 formed by the reaction of CCl 4 and gold nanoparticles. 18 We have also studied the fluorescence spectrum of aniline@SiO 2 (figure 5). Free aniline has an emission maximum around 340 nm 25 whereas aniline@ SiO 2 has a broad emission peak around 400 nm. This behaviour can be understood by looking at the inter- actions of the fluorophore with the solvent. There are two types of solvent effects; one is the general solvent effect which takes into account of polarizability as well as the dielectric constant of the solvent and can be approximately explained by the Lippert equation; and the specific solvent effect which arises due to the specific interactions like hydrogen bonding or charge transfer interactions. 26 The red shift observed in the case of molecules incorporated inside the silica nanoshell shows a maximum value of 10 to 20 nm. For example, Ostafin et al 11 has shown that cascade blue dye inside the silica nanobubble shows a decrease in intensity as well as a red shift of 10 nm in the emission spectrum compared to the free solution. 11 A similar behaviour is found in the case of different concentrations of rhodamine 6G molecules loaded in silica. 27 This kind of large red shifts are seen when specific interactions happen between the fluorophore and the solvent. 26 Since there is a signature of hydrogen bonded water in the infrared spectrum, we suggest that aniline is hydrogen bonded to water within the nanoshell. Moreover hydrogen bond is reported for aniline when incorporated inside the silica matrices. 28 Specific solvent-fluorophore interactions can happen in the ground state as well as in the excited state of a molecule. The absorption spectrum for aniline@SiO 2 shows a broadening in its peak position as well as a red shift in the excitation spectrum, suggesting that aniline is hydrogen bonded in the ground state itself.
Further studies showed that the fluorescence anisotropy of aniline@SiO 2 is around 0⋅1172 whereas for free aniline it is 0⋅0560 in aqueous solution at room temperature. This indicates that aniline@SiO 2 has a lesser rotational freedom as compared to free aniline. Anisotropy studies have been used for finding out the rotational freedom of different fluorophores in organized media. 29, 30 Tleugabulova et al 31 have studied the binding of rhodamine 6 G to silica spheres by using anisotropy decay (the system has a very high limiting anisotropy of 0⋅38). Also 3-hydr-
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Wavenumber, cm -1 Wavenumber, cm -1 Transmittance, % Transmittance, % Intensity × 10 6 oxyflavone (3HF) in water at 35°C shows an anisotropy of 0⋅11 inside liposomes when compared to 0⋅06 in the aqueous solution. 32 A solution of silica nanobubbles prepared using the same method without aniline did not show any peak when analysed by fluorescence spectroscopy. To make sure that aniline molecule is indeed inside the shell, we measured the emission spectrum of the supernatant solution obtained after centrifuging the aniline@SiO 2 solution for around six hours at 2000 rpm. The nanoshells were precipitated and the supernatant obtained did not show any fluorescence, confirming the fact that the molecules were indeed inside. Note that while preparing the nanobubble, i.e. before the reaction with CCl 4 and cyanide , we washed the precipitated silica nanoshells with propanol many times and it is unlikely that there are adsorbed aniline molecules on the silica surface. As said earlier, aniline shows a pH-dependent variation in fluorescence intensity. Hence we monitored the fluorescence intensity by adding micromolar quantities of an acid and a base ( figure 6 ). Aniline is a weak aromatic organic base; the nitrogen has low capacity to hold a proton and hence is a weak base compared to most of the aliphatic amines. The anilinium cation has a pKa value of 4⋅63 and at pH 2, aniline is in the form of an anilinium cation which shows less fluorescence intensity compared to that of free aniline. The material shows a change in intensity as the pH is changed from three to six. However, the change in intensity found in this case was not appreciable Figure 6 . pH dependent variation in fluorescence intensity of aniline@SiO 2 . The time interval given for each measurement is 10 minutes. The excitation wavelength is 290 nm. The pH was changed from 3 (lowest trace) to 6 (uppermost trace) in these experiments. compared to free aniline even after giving enough time for the penetration of ions (the spectra given in figure 6 were taken after 10 minutes of addition of the base and it showed the same intensity even after 30 min). This again points out to the fact that aniline here does not behave in the same way that it does in the free state.
We have characterized this material using cyclic voltammetry. The addition reaction between aniline and cupric chloride solution 33 was used to study the presence of aniline inside (or outside) the silica shell. Aqueous aniline forms an addition compound when added to cupric chloride solution and the complex shows different electrochemical characteristics with respect to Cu when compared to free Cu 2+ solutions. at the cathodic and anodic potentials of -0⋅135 and 0⋅046 V, respectively with a peak separation of 0⋅181 V. 34 With the addition of aniline solution (10 -4 M), the peak current decreases (curve b-d) and after some time, both the characteristic anodic and cathodic peak potentials shift further. The peak separation also increases to 0⋅300 V and with further time interval (curve e-h), the voltammograms become stable indicating the completion of the reaction. The shift of potential and the change in peak separation may be attributed to the distortion of the symmetry of Cu 2+ of the molecular species upon addition to aniline. 35 Different voltammetric behaviour was observed when the same quantity of cupric chloride solution was added to aniline@SiO 2 solution under identical experimental conditions. Curve a in figure 7B represents cyclic voltammogram of cupric chloride solution (10 -4 M) and curve b shows the voltammograms after the addition of aniline@SiO 2 solution (10 -4 M) in which an initial decrease in the peak current was noticed (figure 7B, curve b); this phenomenon may be due to an effective deposition of Cu on the electrode surface catalysed by the presence of other additives in the solution. However, no considerable shift of characteristic anodic and cathodic peak potentials was noted with time (curves c-h) indicating the absence of the reaction found in the case of free aniline. Interestingly, the cyclic voltammogram taken after five days did not show any shift in peak potential, confirming the stability of the system and also showing that the absence of the reaction is not due to the shorter time given for the diffusion of ions through the shell. Silica shell is highly porous in nature hence absence of reaction after five days is rather unexpected. Again it indicates that aniline inside the shell is not in a free form and hence is not available for reaction with cupric chloride. The inset in figure 7B shows cyclic voltammogram of aniline@SiO 2 solution taken at a slow sweep rate of 20 Vs -1 . The observed E 1/2 value for aniline@SiO 2 is 0⋅425 V and for the free ani-line 36, 37 it is 0⋅406 V in the acid medium. It may be noted that the redox accessibility of aniline is achieved through pores of the SiO 2 shell; very similar to that of the oxide coated Au and Ag nanoparticles. 38 The study showed that while free aniline is capable of binding to Cu 2+ , aniline inside the bubble is unavailable for binding.
After confirming the presence of the fluorescing molecule inside the silica shell using absorption and emission spectroscopic studies and voltammetry, we thought of looking at some other parameters such as the solubility of this material in organic solvents. In order to increase its solubility in organic solvents, we functionalized the silica nanoparticle surface using stearic acid. The product obtained after adding millimolar solution of stearic acid to the solution containing aniline@SiO 2 was centrifuged and the precipitate collected was dispersed in 2-propanol. This solution was also found to be fluorescent confirming the fact that aniline is inside the bubble. This material is labeled as aniline@SiO 2 @stearate.
Infrared spectra of the dry material reveals features due to the long alkyl chain and carbonyl group showing that this material is covered with stearate groups (data not shown). 39 The spectrum shows a peak at around 1650 cm -1 due to carbonyl group present in the stearic acid. 40 Methylene modes (d + and d -) appear at 2852 and 2925 cm -1 corresponding to disordered polymethylene chains. 41 The methyl modes (r + and r -) show that there is free rotation possible for the chains. 39 The spectrum does not show the characteristic progression bands showing that long range order is absent in the chains. The laser desorption mass spectrum (negative mode) of aniline@SiO 2 @stearate shows a peak at m/z 283 due to stearate (data not shown). Keeping all these information we have schematically represented the new material aniline@SiO 2 @stearate as in figure 8 . It shows that aniline molecules are inside the shell, surrounded by silica, which in turn is protected with stearate groups, having disordered alkyl chains. The material may contain carbon onion structures if CCl 4 was used for the removal of gold core. We have shown earlier that the alkyl chains on core-shell nanomaterials are disordered. 20 
Conclusion
In this paper we have reported a novel material aniline@SiO 2 . It has been characterised thoroughly using UV/VIS absorption spectroscopy, TEM, cyclic voltammetry and emission spectroscopy. Infrared spectroscopic studies show that water is hydrogen bonded within the silica nanoshell. Emission spectrum showed a largely red-shifted band due to the interaction of aniline with the silica nanoshell. This information together with the infrared spectroscopic data suggests that aniline is hydrogen-bonded within the silica nanoshell. Presence of molecules inside the bubble was further confirmed using cyclic voltammetry by monitoring the reaction between cupric chloride and aniline, and it shows that even after giving enough time for the cupper ions to diffuse through the shell there is no reaction occurring with aniline indicating that the molecules are not free for the reaction inside the shell. This material was modified by the functionalization with stearic acid, so that the product is soluble in organic media and can be stored in the dry state. The functionalized material was characterized using infrared spectroscopy and laser desorption ionization mass spectrometry.
